INTRODUCTION
Algal blooms are a common occurrence in water bodies of all shapes and sizes around the world. Cyanobacteria have proven to be of special concern due to their proliferation and potential to produce toxins that are harmful to humans, livestock and wildlife (Carmichael 1994 , Xavier et al. 2007 ). Phosphorus and nitrogen from treated wastewater effluent and storm water runoff can be utilized by cyanobacteria, ultimately resulting in the development of large blooms and mats (Chorus, Bartram 1999) . Besides high nutrient levels, other environmental conditions including moderate water temperatures, long retention times of the water and stable stratification may also favor the formation of cyanobacteria blooms (Wicks, Thiel 1990; Carmichael 1992) .
M. aeruginosa is a common bloom-forming cyanobacterium in many eutrophic and hypertrophic lakes with freshwater and slightly brackish waters (Skulberg et al. 1993) . Different species of Microcystis as well as a number of other species of cyanobacteria produce hepatotoxins called microcystins (MCYSTs) (Carmichael 2001 , Codd et al. 2005 . MCYSTs are cyclic heptapeptides, which are known to be potent inhibitors of type 1 and type 2A protein phosphatases (MacKintosh et al. 1990 ).
MCYSTs present a severe threat to animals and humans upon consumption of contaminated water (Dittmann, Wiegand 2006) , leading to death in some cases (Carmichael, Falconer 1993; Jochimsen et al. 1998) . Besides the effects of MCYSTs on animals and humans, water contaminated with MCYSTs that is used for irrigation may inhibit germination and plant growth causing crop failures (Pflugmacher et al. 2006 ). The exposure of edible crop plants to MCYSTs is also a concern for human health, as the toxins can accumulate in plant tissues (McElhiney et al. 2001 , Jarvenpaa et al. 2007 ) and be transmitted to humans through the food chain.
Although arid environments are the most ubiquitous ecosystems in Saudi Arabia, some regions (e.g. the Asir region) contain permanent and semipermanent rainwater ponds (Al-Homidan, Arif, 1998) . These ponds are largely used as a source for irrigation water to supplement groundwater. Data on the occurrence of cyanobacteria in many permanent and semi-permanent rainwater ponds in Saudi Arabia have been previously reported (Whitton et al. 1986; AlHomidan, Arif 1998; Mohamed, Al-Shehri 2008) , but algal blooms have been reported only once in a semi-permanent rainwater pool (Al-Homidan, Arif 1998). Toxin production in algal blooms in rainwater ponds in Saudi Arabia has not been reported yet. Although most Microcystis blooms reported in various parts of the world are toxic, there are non-toxic strains of M. aeruginosa (Sivonen and Jones, 1999) . Therefore, the present study was conducted to determine whether M. aeruginosa forming blooms in rainwater ponds in Saudi Arabia can produce MCYSTs. In addition, the study also describes some environmental factors prevailing in the regions of Microcystis blooms in these ponds.
MATERIALS AND METHODS

Sampling
Phytoplankton and water samples were collected from three rainwater ponds in the region of Asir, in southwest Saudi Arabia (Fig. 1) . The ponds in the study are Wadi Haly Lake (Pond 1), Atoud Dam Lake (Pond 2) and Al-Moqadda Dam Lake (Pond 3). The ponds are located in residential neighborhoods and surrounded by agricultural farms which use this water for irrigation and sometimes for fisheries. The ponds are situated in the area's lowlands, and thus they are usually fed with rainwater collected from the neighboring areas. These ponds were chosen because of the visual appearance of cyanobacteria in their waters. Phytoplankton samples were collected using a 25-µm-mesh plankton net during the dry (Jun.-Aug.) and wet (Sep.-Oct.) seasons of the year 2007. Each phytoplankton sample is an integrated sample collected randomly from 6 different sites where blooms were present in a particular pond. One hundred milliliters of each phytoplankton sample were immediately preserved in Lugol's iodine solution for identification and enumeration of phytoplankton. At the same time phytoplankton samples were collected, water samples were taken from the pond using 2.5-l glass bottles. These samples were used to test for ammonium, nitrate and phosphate concentrations. The water samples were filtered through Whatman GF/C fiberglass filters and kept at -20°C until they were used for chemical analysis.
Phytoplankton analysis
Algal counts were made with a Sedgwick-Rafter counting chamber (APHA, 1995) and an Olympus binocular microscope. The density of Microcystis and other phytoplankton was calculated for natural taxonomic units (cells, colonies, or filaments) per liter of original lake water. Algae were identified to the species level, when possible, according to Desikachary (1959) , with the aid of some floristic papers, e.g. Anagostidis and Komarek (1988) , Komarek and Kling (1991) , and Komarek and Anagostidis (1989, 1998) .
Physico-chemical analysis
Temperature, conductivity and pH were measured in situ with a multiparametric probe (HI 991300 pH/EC/TDS Temperature, HANNA, Italy). Nutrient concentrations of ammonium, nitrate and phosphate were determined in filtered water samples by the standard analytical methods according to the American Public Health Association (APHA) (1995). All chemical variables were determined in triplicate.
MCYST analysis in Microcystis blooms and pond waters
MCYSTs in Microcystis blooms collected from rainwater ponds during the present study were extracted by homogenizing a known weight (1 g) of freezedried cells in 100 ml of methanol (95%). The homogenates were extracted twice overnight and for 3 hours, respectively, and then centrifuged at 10,000 g for 10 min. The supernatants of each extract were combined together, and the organic solvent was blown with sterilized air. The aqueous fraction remaining after removing the organic solvent was filtered through GF/C filter paper. The filtered fraction was applied directly to preconditioned C18 cartridges for solid phase extraction (SPE) in accordance with Carmichael and An (1999) . The toxins were eluted with methanol 80%, evaporated to dryness, reconstituted in 1ml methanol and applied to SHIMADZU high performance liquid chromatography (HPLC) with the UV detector set at 238 nm. The column was a 4.6 × 150 mm Bondapack C18 with 5 μm particle size. The mobile phase was phosphate buffer and methanol (58-42) (pH 2) at room temperature, and a flow rate of 1 ml min -1 under isocratic conditions. MCYST concentrations in Microcystis blooms were also determined in the aqueous fractions of SPE by Enzyme-Linked Immunosorbent Assay (ELISA) technique according to the method described by Carmichael and An (1999) using ENVIROLOGIX, INC., EP 022 kit, which detects total MCYSTs, using polyclonal antibodies, with a detection limit of 0.147 μg l -1 . Each test was made in triplicate. Pond waters filtered through G/C filters and concentrated onto C18 cartridges were analyzed for extracellular MCYSTs by ELISA according to Carmichael and An (1999) using an ENVIROLOGIX kit as outlined above. MCYST concentrations were also determined in rainwater puddles and ponds found near the groundwater wells by ELISA using the same methodology as the groundwater samples.
Statistical analysis
Spearman rank correlation coefficients were used to investigate the relationships among physical-chemical variables, chlorophyll a content, the cell density of Microcystis blooms, and MCYST concentrations in Microcystis blooms and pond waters. Differences in Microcystis density, environmental parameters, and MCYST concentrations in the blooms and pond waters were compared using one-way ANOVA (P<0.05) performed with SPSS 9.0 software for Windows.
RESULTS
Environmental and phytoplankton analysis
The statistical analysis of variance (ANOVA) did not show any significant difference in physical and chemical variables among the three rainwater ponds (P>0.05) ( Table 1) . On the other hand, the physico-chemical parameters varied throughout the study period within a pond (P<0.05). Water temperature, pH and conductivity of all ponds increased from Jun to Oct., 2007 , while nitrate and phosphate concentrations increased from June to August, but decreased in October (Table 1) .
Microcystis aeruginosa blooms were found in all three rainwater ponds surveyed during the present study. The density of Microcystis cells varied significantly among the three ponds (P<0.05) and throughout the study period (P<0.05). The highest cell density was obtained at pond 2 in August (Fig. 2) . Chlorophyll a concentrations were associated with Microcystis cell density (r = 0.9) and varied among rainwater ponds (P<0.05) (Fig. 2) . Both chlorophyll a concentration and Microcystis cell density correlated positively in all three ponds with temperature (r = 0.8-0.9), nitrate (0.7-0.9) and phosphate (r = 0.8-0.9) concentrations. They had a weak negative correlation with pH (r = -0.1: -0.3) and pond water conductivity (r = -0.1: -0.4). The highest values of chlorophyll a and Microcystis cell density were recorded in August in pond 2, which was characterized by higher temperature, nitrate and phosphate concentrations at that time. (Table 1 ; Fig. 2, 3) .
Microscopic investigation revealed that the species composition of Microcystis blooms did not vary significantly among the ponds in the research area (P>0.05). M. aeruginosa dominated the blooms, constituting 78.5-96.3% of the total density of the blooms during the dry period of June through August, 2007. This percentage decreased sharply during the rainy period (Sep-October 2007) (9.6-15.4%). The decrease in Microcystis percentage in the rainy season was followed by an increase in the percentage of other cyanobacteria species such as Pseudanabaena limnetica, Oscillatoria limnetica and Chroococcus minor, and the appearance of some species of Dinoophyta and Euglenophta in the ponds (Table 2) .
MCYST concentrations
Total MCYST concentrations contained in Microcystis blooms varied significantly between ponds during the study period (P<0.05) (Fig. 4) . They correlated positively with Microcystis cell density (r = 0.8-0.9) and chlorophyll a content (r = 0.7-0.9) of the blooms. On the other hand, MCYST concentrations in the blooms correlated positively with temperature (r = 0.9), nitrate (r = 0.6-0.8), and phosphate (r = 0.5-0.9) concentrations in the ponds. Concentrations of extracellular MCYST released into the pond waters were evidently higher during the rainy season than the dry season. The highest concentration (34.6 µg l -1 ) was detected in pond 2 during the rainy season, where the blooms began to disappear (Fig. 5) . They correlated negatively with Microcystis cell density (r = -0.6: -0.8), chlorophyll a content (r = -0.6), and toxin concentrations in the blooms (r = -0.6:-0.7) as well as some physicochemical parameters, e.g. temperature (r = -0.8: -0.9), nitrate (r = -0.4:-0.6) and phosphate (r = -0.2: -0.6). Conversely, extracellular MCYSTs correlated positively with pH (r = 0.7-0.9) and conductivity (r = 0.8-0.9).
The results of HPLC analysis for the methanolic extracts of Microcystis blooms collected from the research area revealed that the extracts contained 6 main peaks corresponding to MCYST-RR, -YR and -LR in addition to 3 other unidentified MCYSTs, which appeared at the same wavelength of MCYSTs (238 nm) (Fig. 6) . The toxin profile did not vary among the blooms of different ponds or throughout the study period (therefore a representative HPLC chromatogram is shown). However, the blooms of different ponds showed different proportions of MCYST variants throughout the study period (Table 3) . The correlation between the relative percentages of these variants and environmental variables differed greatly among ponds. In ponds 1 and 2 the percentages of MCYST-RR and -LR correlated positively (r= 0.6-0.9) with pH, conductivity and nitrate concentrations, while MCYST-YR correlated negatively with variables and positively with phosphate concentrations. In pond 3, the percentages of MCYST-RR correlated positively with nitrate and phosphate (r=0.8-0.9) and negatively with conductivity (r=-0.5), while MCYST-LR and -YR correlated negatively with nitrate and phosphate (r=-0.6: -0.8) and positively with conductivity (r=0.5-0.8). 
DISCUSSION
The present study clearly demonstrated the extensive occurrence of MCYST-producing blooms of M. aeruginosa in all researched rainwater ponds These ponds are used as a source of irrigation water and sometimes as a source of water for fisheries in this semi-arid region of Saudi Arabia. This study is the first to report toxin production in Microcystis blooms commonly found in rainwater ponds in Saudi Arabia. Previous studies concentrated only on the occurrence of cyanobacteria or algal blooms in permanent and semi-permanent rainwater ponds (Whitton et al. 1986; Al-Homidan, Arif 1998; Mohamed, Al Shehri, 2008) . Microcystis species can form blooms in nutrient-rich water bodies (Rheinheimer, 1994) ; and these blooms usually occur during the summer months due to increasing temperatures in lake ecosystems (Tas et al. 2006 ). In the present study, Microcystis cell density increased from June to August with increasing water temperature. In addition, the density of this cyanobacterium correlated with nutrient concentrations (particularly NO 3 and PO 4 ) in Saudi rainwater ponds. Thus, the results of the present study agree with those obtained by Atkins et al. (2001) , who report that the extent of the bloom depends largely on the availability of nitrogen and phosphorus and the salinity of the water. The growth of M. aeruginosa is limited to brackish regions and negatively correlated with the salinity in Patos Lagoon (Yunes et al. 1996 ). In the current study, the abundance of Microcystis in rainwater ponds had a weak correlation with conductivity. This may be because the conductivity of Saudi pond waters was not high enough to affect the growth of cyanobacteria. In this respect, Robson and Hamilton (2003) reported that M. aeruginosa grows optimally at salinities up to 4, above which the growth rate declines. Chlorophyll a concentrations in pond waters associated with the cell density of Microcystis and correlated with all physical and chemical parameters in a similar fashion to Microcystis density. The high chlorophyll a concentrations obtained during the present study could be related to the high cell density of Microcystis rather than to any other species. This is because of the high relative abundance of M. aeruginosa in the phytoplankton samples. Previously, a sharp decrease in phytoplankton growth rates (Reynolds 1984) and in the population of Dinophyceae and Chlorophyceae (Oudra et al. 1997 ) occurred during cyanobacterial blooms dominated by M. aeruginosa. Consistently, during M. aeruginosa blooms in Saudi rainwater ponds (Jun-Aug), the phytoplankton community structure consisted mainly of M. aeruginosa (78.5-96.3% ) with low percentages of other cyanobacteria (2.7-8.2%), green algae (0.5-5.8%), diatoms (0-6.9%) and dinoflagellates (0%). The relative abundance of these species increased when Microcystis blooms started to vanish from the ponds in October. Druvietis (1997) found that the ratio of M. aeruginosa over total phytoplankton was 45-85% in eutrophic conditions and 75-100% in hypereutrophic conditions in Latvian lakes. Based on chlorophyll a and phosphorus concentrations detected in Saudi rainwater ponds during the present study, pond 1 and pond 3 can be considered eutrophic ponds, while pond 2 can be placed at the hypertrophic end of the trophic spectrum (OECD 1982 , Nürnberg 1996 . On the other hand, the bloom composition of the same species of M. aeruginosa in all rainwater ponds may be due to the transportation of Microcystis cells from pond to pond with stream flow and wind as suggested by Pickney et al. (1997) for the transportation of Microcystis cells from the central delta to more brackish water habitats downstream.
The present study also showed that all Microcystis blooms found in Asir rainwater ponds produced the hepatotoxins "MCYSTs". MCYST concentrations in the blooms were associated with the cell density of M. aeruginosa and chlorophyll a concentrations, and correlated with environmental variables in a similar way to Microcystis cell density. Notably, a number of field studies also reported significant linear relationships between MCYST production and Microcystis cell growth (Kotak et al. 2000 , Chorus et al. 2001 , Kurmayer et al. 2003 , Petr et al. 2006 , Naselli-Flores et al. 2007 , implying that Microcystis cell numbers can be used to infer MCYST concentrations in water. However, the results of studies on the relationships between MCYST production and environmental factors are contradictory. For example, MCYSTs in phytoplankton were strongly correlated with nitrogen in American lake water (Graham et al. 2004 ) and in the present study, but not in Canada (Kotak et al. 2000) , Germany (Chorus et al. 2001 ) and China (Wu et al. 2006) . It has been postulated that as MCYST concentrations in field samples of phytoplankton are affected both directly by MCYST-producing cyanobacteria and indirectly by environmental factors, and these factors vary temporally and spatially, it is not surprising that the relationships between MCYST concentrations and environmental factors are not always consistent. However, MCYST production seems to be closely related to temperature among physicochemical factors (Wu et al. 2006) . Water temperature primarily influences total MCYST concentration through its impact on growth rate, because cellular MCYSTs are only produced during log-phase growth (Lyck 2004 ). Recently, Song et al. (2007 found that toxin production in Microcystis blooms were significantly correlated with temperature. The present study also showed that MCYST concentrations in Microcystis blooms in Saudi rainwater ponds increased with increasing water temperature from 22°C in June to 27°C in August.
Total MCYST concentrations varied among ponds and by season and ranged from 1170 to 3040 µg g -1 during the largest blooms of Microcystis in August. These concentrations can be compared to those detected in Microcystis blooms (1.9 mg g -1 ) in Lake Taihu, China (Song et al. 2007 ). However, they are much lower than the highest published MCYST concentrations in bloom samples (7300 µg g -1 dry weight) from China and Portugal (Sivonen, Jones 1999) . Substantial variations in MCYST concentration of blooms have been reported in a matter of weeks and months (Sivonen, Jones 1999 ). The growth phase at which the blooms were sampled may also influence the amount of toxins present (Kaya, Watanabe 1990) . Extremely large variations of several orders of magnitude in MCYST content of blooms have been explained by the "waxing and waning" of strains of the same species but with different toxin quotas (Sivonen, Jones 1999) .
Although more than 70 structural variants of MCYSTs have been isolated and characterized from cyanobacterial blooms and cultures (Carmichael 2001) , the present study indicates that MCYST-LR, MCYST-YR and MCYST-RR were the primary MCYSTs produced by Microcystis blooms in Saudi rainwater ponds during the research period. Pronounced prevalence of these variants is often reported to be characteristic of Microcystis-dominated blooms, although the variants do not always concur and their relative shares are variable (Shen et al. 2003 , Wu et al. 2006 ). In the present study, the relative proportions of these MCYST variants differed greatly among the ponds and throughout the research period. Similarly, Liu et al. (2007) found that the ratio of MC-LR to MC-RR produced by M. aeruginosa blooms was much higher in Gonghu Bay than in Meiliang Bay, China. It is reported that the MC-RR/MC-LR ratio tends to be high in higher Phosphorus water but to be low in lower TP water (Yang et al. 2006 ). On the other hand, Fastner et al. (2001) attributed the changes in MCYST composition of monospecific populations to changes in the strain composition of this population. In the present study, the correlations between the relative proportion of MCYST variants and environmental factors were contradictory and variable among ponds throughout the research period. Therefore, the variation in the relative proportions of MCYST variants in Microcystis blooms during the present study could be due to a change in the strain composition of the blooms rather than to changes in environmental factors.
High toxin concentrations (11.2-34.6 µg l -1 ) for dissolved MCYSTs were recorded in Saudi rainwater ponds during October immediately after the breakdown of a major bloom, and this observation is consistent with previous studies (Jones, Orr 1994; Ueno et al. 1996; Aboal, Puig 2005) . These concentrations lie within the measured range (0.1-1 mg l -1 ) of concentrations for dissolved cyanotoxins in freshwater bodies throughout the world (Jones, Orr 1994; Chorus, Bartram 1999; Aboal, Puig 2005) . However, the concentration of MCYSTs obtained in pond waters during the present study are 10 to 30fold the maximum concetrations recommended by WHO (1 µg l -1 ) for MCYSTs in waters (World Health Organization, WHO 1998; Chorus, Bartram 1999) . Therefore the presence of such high toxin concentrations in these rainwater ponds not only will pose a risk to human and animal health but also can affect the growth of terrestrial plants, causing crop failure (Pflugmacher 2006 ). In addition, there is a possibility of internal accumulation of MCYSTs in edible vegetable plants irrigated with contaminated water (McElhiney et al. 2001 , Jarvenpaa et al. 2007 ), providing an additional route for human toxicity.
Since rainwater ponds along roadways and in residential neighborhoods may be a source for irrigation and for fisheries, as well as being consumed by both wild and domestic animals; and since the Saudi government currently plans to tap these ponds as a source of drinking water, the presence of such cyanobacterial toxins in these pond waters are of paramount importance. Taking into account the toxin production by Microcystis blooms in rainwater ponds during the present study which are promoted by nutrient enrichment, the discharge of agricultural and industrial wastes into these ponds should be avoided to minimize the growth of such harmful organisms in these water sources. In addition, these ponds should be monitored for the presence of toxic cyanobacteria and their toxins to protect aquatic and wild life against such potent toxins.
